Distribution and density of Antarctic krill (Euphausia superba) and ice krill (E. crystallorophias) off Adélie Land in austral summer 2008 estimated by acoustical methods  by Amakasu, Kazuo et al.
Available online at www.sciencedirect.comPolar Science 5 (2011) 187e194
http://ees.elsevier.com/polar/Distribution and density of Antarctic krill (Euphausia superba)
and ice krill (E. crystallorophias) off Ade´lie Land in austral
summer 2008 estimated by acoustical methods
Kazuo Amakasu*, Atsushi Ono, Daisuke Hirano, Masato Moteki, Takashi Ishimaru
Tokyo University of Marine Science and Technology, 4-5-7 Konan, Minato-ku, Tokyo 108-8477, Japan
Received 4 September 2010; revised 11 February 2011; accepted 8 April 2011
Available online 20 April 2011AbstractFrom January to February 2008 the training research vessel TRV Umitaka Maru conducted a comprehensive oceanographic
survey of the waters around the 140E meridian off Ade´lie Land as part of the Collaborative East Antarctic Marine Census
(CEAMARC) project. The acoustic component of this survey was conducted using a scientific echosounder operating at 38 and
70 kHz to estimate the distribution and density of Antarctic krill (Euphausia superba) and ice krill (E. crystallorophias). In addition,
the relationship between the vertical distribution of Antarctic krill and the water temperature structure along the 140E meridian
was investigated. Antarctic krill were distributed in the waters of the continental slope at 65e66S and the maximum value of the
mean areal density r in 1 nautical mile (nmi) intervals was 4344 inds. m2. Ice krill were distributed in the neritic waters of the
continental shelf to the south of the 66S and the maximum r in 1 nmi intervals was 23,669 inds. m2. Along the 140E meridian,
Antarctic krill were mainly distributed at the water temperatures below 0.5 C. Although they were mostly distributed shallower
than approximately 100 m, dense aggregations at approximately 180e200 m were also observed, which coincided with
a depression of the water temperature structure.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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Euphausiids (krill) are important components of the
Southern Ocean ecosystem because numerous marine
organisms (including whales, seals, fish, birds, and
squid) either directly or indirectly prey on them
(Everson, 2000b). Amongst the various Southern Ocean
krill species, Antarctic krill (Euphausia superba) and ice
krill (E. crystallorophias) in particular are both known to* Corresponding author. Tel./fax: þ81 3 5463 0485.
E-mail address: amakasu@kaiyodai.ac.jp (K. Amakasu).
1873-9652/$ - see front matter  2011 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2011.04.002form dense aggregations (Everson, 2000a). Antarctic
krill is commercially important, with recent annual
catches of approximately 100,000 tons (CCAMLR,
2009). Although ice krill is not commercially impor-
tant, it is the dominant krill species in the neritic waters
of the Antarctic continental shelf (Hosie et al., 2000).
In order to conserveAntarctic krill resources from the
viewpoints of the commercial fishery and the Southern
Ocean ecosystem, many abundance estimation surveys
have been conducted to date (Trathan et al., 1995;
Brierley et al., 1997; Pauly et al., 2000; Hewitt et al.,reserved.
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Jarvis et al., 2010). In addition, the relationships
betweenAntarctic krill distribution, density, recruitment
and environmental features such as westerlies, ozone
depletion (Naganobu et al., 1999), sea-ice extent of
previous winters (Kawaguchi and Satake, 1994; Siegel
and Loeb, 1995; Hewitt et al., 2003; Atkinson et al.,
2004), water mass, water circulation, bathymetry and
chlorophyll a (Ichii et al., 1998; Trathan et al., 2003;
Lawson et al., 2008) have been extensively investi-
gated. While relatively few investigations have been
conducted on ice krill to date, several distribution and
abundance surveys of this species have been conducted
in the Ross Sea in recent years (Sala et al., 2002; Azzali
et al., 2006; Taki et al., 2008).
Although the bulk of surveys and related studies for
Antarctic krill have been conducted in the important
fishing grounds around the Antarctic Peninsula and the
Scotia Sea, similar surveys have also been conducted off
the coast of East Antarctica (Nicol et al., 2000, 2008,
2010). In recent years the waters around the 140E
meridian off Ade´lie Land have been surveyed with
a focus on biology including krill, physics, and chem-
istry in recent years (Chiba et al., 2000; Kasamatsu et al.,
2004, 2008; Aoki et al., 2006; Tanimura et al., 2008).
Acoustic methods using scientific echosounders are
currently considered the best approach for estimating the
distribution and abundance of krill because they provide
the highest resolution in space and time and a large
observation range. The distribution and abundance of
Antarctic krill and ice krill in the waters around the
140E meridian off Ade´lie Land have been estimated
previously using nets (Chiba et al., 2000; Tanimura et al.,
2008) and acoustics (Pauly et al., 2000).
From January to February 2008 the training research
vessel TRV Umitaka Maru (from the Tokyo University
of Marine Science and Technology) conducted
a comprehensive biological, physical, and chemical
survey of the waters around the 140E meridian off
Ade´lie Land as part of the Collaborative East Antarctic
Marine Census (CEAMARC) project. This paper pres-
ents the acoustically derived distribution and density of
Antarctic krill and ice krill and the relationship between
the vertical distribution of Antarctic krill and the water
temperature structure from this survey.
2. Methods
2.1. Acoustic data collection
The path of the Umitaka Maru acoustic survey is
illustrated in Fig. 1; the survey started offshore atstation 14 on 29 January 2008 and finished, 14 days
later, nearer the coast at station 8 on 11 February.
A KFC-3000 (Sonic Corporation) scientific
echosounder was used at frequencies of 38, 70, and
120 kHz, with the transducers mounted in the ship’s
hull at a depth of 7 m. Raw acoustic data by ping and
frequency were recorded at a constant speed of 10
knots between sampling stations. The recording range
was 300 m from the transducer. A pulse duration of
0.6 ms and ping interval of 1.2 s were employed at all
frequencies. Acoustic data collection between
sampling stations was conducted primarily during the
day or civil twilight, except between stations 14e15
and 12e10, and for short periods in other intervals.
In addition, raw acoustic noise data were recorded
to enable the estimation and mitigation of background
noise (Section 2.3.1). Whenever the Umitaka Maru set
off from one sampling station to the next, pulse
transmission was stopped for three minutes when the
ship reached 10 knots to enable the background-noise
level to be passively recorded.
On February 6, after finishing observations at station
23, the Umitaka Maru anchored off the Dumont
d’Urville station (6639.20S, 14000.70E) to calibrate the
scientific echosounder. The calibration was performed
with a 38.1-mm diameter tungsten carbide sphere (see
Foote et al., 1987) to enable the transmitting and
receiving factor (TR factor, Furusawa et al., 1993) to be
determined (Table 1). The TR factor is a product of
source pressure, the receiving sensitivity of the trans-
ducer and the gain of the pre-amplifier. Since the TR
factor obtained at 120 kHz was extraordinarily low
because of problems with the transducer, the raw
acoustic data collected at 120 kHz was not considered in
this paper. The effective pulse duration (Furusawa,
1991) was calibrated off the coast of Japan in
September 2007. The equivalent two-way beam angle at
the mean sound speed 1448 m s1 in the survey area was
theoretically obtained from the transducer diameter
(27.6 cm at 38 kHz; 15.0 cm at 70 kHz).
2.2. Net sampling and CTD observation
A Rectangular Midwater Trawl (RMT 8, mesh size
4.5 mm, mouth area 8 m2, Baker et al. 1973) was used
to obtain length-frequency distributions of Antarctic
krill and ice krill at the sampling stations (Fig. 1). The
towing speed was approximately 2 knots and samples
collected by the RMT 8 were preserved in 5% buffered
formalin. The length-frequency distribution was used
to average the backscattering cross-section, which is
a linear value of the target strength (TS, see Section
Fig. 1. CTD and RMT stations during the Umitaka Maru survey of the CEAMARC. CTD observations were performed at all stations. Black
circles show the RMT stations where the body lengths of collected euphausiids were measured. Square shows the locations where the calibration
of the scientific echosounder was performed. Solid lines show the cruise track of the acoustic survey.
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the anterior margin of the eye to the tip of the telson
without terminal spines. The body lengths of 200
specimens were measured from each towing layer
(0e50, 50e100, 100e200 m and 0e200 m) at each
sampling station. Where less than 200 specimens were
caught at a station, the body lengths of all specimens
were measured.
CTD observations were conducted at all stations
(Fig. 1). The temperature and salinity profiles obtained
by the CTD observations were used to calculate the
sound speed and absorption coefficients, which
are essential for the quantitative analysis of the
acoustic data. Firstly, the sound-speed and absorption-
coefficient profiles were calculated for each station
using the equations of Mackenzie (1981) and FrancoisTable 1
Calibration results, sound speed, and absorption coefficient.
Frequency (kHz) 38 70
TR factora (dB) 58.4 59.6
Effective pulse duration (ms) 0.49 0.50
Equivalent bean angle (dB) 19.5
Sound speed (m s1) 1448
Absorption coefficient (dB km1) 10.1 17.4
a Transmitting and receiving factor.and Garrison (1982), respectively. These profiles were
averaged over the depth range from 7 m (transducer
depth) to 300 m, or to the maximum depth of the CTD
observation when the bottom was shallower than
300 m. Finally, the mean sound speed and mean
absorption coefficient (Table 1) were obtained by
averaging the mean values at each station. The
temperature profiles were also used to plot the vertical
section of water temperature between stations 14 and
42 along the 140E meridian in order to compare the
water temperature structure and the vertical distribu-
tion of Antarctic krill.
2.3. Acoustic data analysis
2.3.1. Echo integration and background-noise
threshold
Using the calibration results, mean sound speed, and
mean absorption coefficient, the raw acoustic data were
converted to raw volume-backscattering strength (Sv)
and binned into mean Sv cells with a width of 1 m depth
and an interval of 0.05 nautical miles (nmi) horizontal
distance (approximately 15 pings) were obtained using
Echoview software version 2.25 (Myriax).
In this echo integration processing, the time-varied
threshold (TVT) function of Echoview was used for
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the transducer was determined as follows: the recorded
raw acoustic noise data were converted to “raw” noise
Sv and binned into “mean” noise Sv cells with a width
of 1 m depth and an interval of 0.5 nmi horizontal
distance. The mean noise Sv curve can be theoretically
expressed as 20 log10 r þ 2a (r  1) þ Sv noise at 1 m,
where r is the distance from the transducer, a is the
absorption-coefficient, and Sv noise at 1 m is the noise Sv
at 1 m from the transducer. The Sv noise at 1 m was
determined using a least-squares-estimation technique.
Because the Sv noise at 1 m was determined based on the
noise measurements, the TVT function is unlikely to
have been too aggressive.
2.3.2. Classification of krill
The difference in the binned mean Sv cells (DSv)
(Watkins and Brierley, 2002) between 70 and 38 kHz
was used to identify Antarctic krill. The data were
thresholded to75 dB at 70 kHz and80 dB at 38 kHz,
and DSv obtained from the remaining integration cells
with signal-to-noise ratios (mean Sv e mean noise Sv)
larger than 10 dB. These Sv thresholds were determined
by assuming the low-density aggregations (n¼ 50 inds.
m3) of small Antarctic krill (20mm) and simulating the
Sv (where Sv¼ 10 log10(n 10TS/10)). TSwas estimated for
20 mm long Antarctic krill by the distorted-wave Born
approximation deformed-cylinder model (DWBA-
DCM); at 70 kHz, TS is 91.2 dB (Amakasu et al.,
2011), hence the simulated Sv was 74.2 dB. Simi-
larly, the TS at 38 kHz was 98.4 dB and the simulated
Sv was 81.4 dB.
Mean Sv cells where DSv fell within 2e10 dB were
attributed to Antarctic krill. The range in DSv was
empirically determined by considering the DSv
obtained from typical echoes of Antarctic krill
observed between stations 20e21, 10e9, and 9e8.
Although target trawls for these echoes were not per-
formed, the targets were empirically recognized as
Antarctic krill and many Antarctic krill were collected
by the RMT 8 at nearby stations. In addition, the
difference in the TS (DTS), which is equal to the DSv
(Kang et al., 2002), between 70 and 38 kHz predicted
using the DWBA-DCM was 0.2e8.0 dB for
20e60 mm Antarctic krill. Although there was
a difference of approximately 2 dB between the
measured DSv and the predicted DTS, we deemed this
to be a reasonable agreement. It therefore seemed
reasonable that mean Sv cells with DSv fell within
2e10 dB were attributed to Antarctic krill. As for the
identification of ice krill, the same DSv range was
applied, because there was little knowledge of the TSof ice krill and it was assumed that the TS of ice krill
would be similar to that of Antarctic krill in this study.
However, it is difficult to discriminate acoustically
between Antarctic krill and ice krill. Ice krill is the
dominant species in the neritic waters of the Antarctic
continental shelf (Hosie et al., 2000). Therefore, based
on the samples collected by the RMT 8, a geographical
boundary between both species was determined.
2.3.3. Density estimation
To obtain area backscattering coefficient (sa in
m2 m2), the mean volume-backscattering coefficient
of the mean Sv cells at 70 kHz attributed to Antarctic
krill or ice krill were integrated from 20 to 200 m and
averaged over 1 nmi distance intervals. The mean areal
density (r inds. m2) in each 1 nmi interval was
obtained from sa as follows:
r¼ sa
sbs; L
ð1Þ
and
sbs; L ¼
Z
L
sbsðLÞpðLÞdL ð2Þ
where sbs; L is the mean backscattering cross-section
averaged over the length-frequency distribution, sbs is
the mean backscattering cross-section averaged over
the frequency distribution of the orientation angle, and
p(L) is a probability density function of the body length
L. sbs at 70 kHz was obtained using Eqs. (5)e(7) of
Amakasu et al. (2011). Firstly, the normalized TS
(TScm) was obtained using Eq. (7). The parameter in Eq.
(7) is L/l where l is the wavelength (l ¼ c/f where c is
the sound speed and f is the frequency) and l at 70 kHz
was used in this study. Then, the TScm was converted to
the average TS (TS) using Eq. (6) (TScm ¼
TS 20log10Lcm). Finally, the sbs was obtained using
Eq. (5) (TS ¼ 10log10sbs).
Between stations 14 and 42, the mean Sv cells
attributed to Antarctic krill at 70 kHz were re-averaged
over a width of 1 m depth and an interval of 0.5 nmi
horizontal distance. The mean density per unit volume
(n inds. m3) of each cell was obtained as follows:
n¼ sv
sbs; L
ð3Þ
where sv is the mean volume-backscattering coefficient.
The vertical distribution of the mean density n was
compared with the water temperature structure between
stations 14 and 42.
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3.1. Krill distribution along cruise track
The mean areal densities r of Antarctic krill and ice
krill in 1 nmi intervals are shown in Fig. 2. Samples
collected by the RMT 8 revealed that Antarctic krill
were dominant in the waters to the north of 66S and
ice krill were dominant to the south. Consequently, the
66S parallel was considered to be a boundary line and
the mean areal densities r for each krill were
estimated.
Although the DSv from stations 14 and 16 implied
the presence of Antarctic krill, the samples collected
by the RMT 8 at stations 14, 15, and 16 were mostly
euphausiids such as Thysanoessa spp., Euphausia
frigida, and E. triacantha. Indeed, the depth of the
observed echoes between stations 15e16 corresponded
approximately to the depth at which Thysanoessa spp.,
Euphausia frigida, and E. triacantha were collected by
the RMT 8. Consequently, the mean areal densities r of
Antarctic krill were not estimated between stations
14e16.
Antarctic krill were frequently observed in the
waters to the north of station 17. The maximum
r between stations 17e19 was 3656 inds. m2, which
was occurred near station 18. The mean areal densities
r between stations 19e20 was not estimated accu-
rately, because of bubbles and noise induced by stormy
weather. Although dense aggregations were continu-
ously observed between stations 20e21, and the
maximum r was 1335 inds. m2, few Antarctic krill
were observed between stations 21e22. BetweenFig. 2. Distribution of the mean areal density r (inds. m2) for 20e200 m a
krill (blue). Isobaths are shown 500e4000 m at 500 m intervals. Some sta
referred to Fig. 1. (For interpretation of the references to colour in this figstations 22e23 and 23e42, the mean areal densities
r were not estimated accurately because the Umitaka
Maru encountered stormy weather similar to stations
19e20 again.
Aggregations of ice krill were often observed
between stations 42e24, 27e11, and 13e12. In
particular, an extremely dense aggregation was
observed between stations 42e24 and the maximum
r was 23,669 inds. m2. Interestingly, the bladderless
Antarctic silver fish (Pleuragramma antarcticum),
which may have scattering characteristics similar to
those of ice krill, were also frequently collected in the
same neritic waters. However, the echoes which were
probably recognized as Antarctic silver fish were
observed as sparse and weak echoes that were mark-
edly different from the patch echoes of ice krill.
Consequently, the echoes of Antarctic silver fish were
likely to have been eliminated before the DSv was
obtained because of low signal-to-noise ratio (see
Section 2.3.2).
Similar to stations 20e21, the dense aggregations of
Antarctic krill were observed between stations 10e9
and 9e8. The maximum r values were 4344 and 1246
inds. m2, respectively. These three intervals (stations
20e21, 10e9, and 9e8) were on the continental slope
(Figs. 1 and 2) and it was clearly found that Antarctic
krill were distributed in the waters on the continental
slope. This finding corresponded to the results of the
BROKE survey (Pauly et al., 2000). However, in this
Umitaka Maru survey, Antarctic krill were also
observed around station 18 which is not located on the
continental slope and where the ocean floor lies at an
average depth of 3500 m.nd 1 nmi horizontal distance intervals for Antarctic krill (red) and ice
tion numbers were not shown in the figure. All station numbers are
ure legend, the reader is referred to the web version of this article.)
192 K. Amakasu et al. / Polar Science 5 (2011) 187e194Krill density is generally considered to be under-
estimated due to diel vertical migrations (Demer and
Hewitt, 1995). In this survey, except between stations
12e10 and for short periods in other intervals, the
acoustic data collection between sampling stations was
conducted primarily during the day or civil twilight.
Consequently, the density estimation error due to diel
vertical migration is likely to have been insignificant.
3.2. Vertical distribution of Antarctic krill
The relationship between the vertical distribution of
Antarctic krill and the water temperature structure along
the 140Emeridian is shown in Fig. 3. According toAoki
et al. (2006) who surveyed along the 140E meridian inFig. 3. Relationship between water temperature structure and vertical dis
stations 14 and 42 along the 140 meridian and the vertical distribution o
density per unit volume n (inds. m3) in 1 m depth and 0.5 nmi horizonta2001/02 by CTD, summer warming formed a strong
seasonal thermocline above the Winter Water layer,
which is a remnant of the previous winter’s mixed layer.
From thewater temperature structure shown in Fig. 3a, it
was clearly found that the seasonal thermocline, which is
similar to the finding of Aoki et al. (2006), was formed
from station 14 to the middle of stations 19e20. In
addition, it can be seen from Fig. 3a that Antarctic krill
were mainly distributed at temperatures below approxi-
mately 0.5 C. Although they were mostly distributed at
depths shallower than approximately 100 m, the dense
aggregations at approximately 180e200 m were also
observed around station 18 (Fig. 3b) and agreed with
a depression of thewater temperature structure (Fig. 3a).
Although it is necessary to make further investigationstribution of Antarctic krill: a. vertical temperature section between
f Antarctic krill (white regions); b. vertical distribution of the mean
l distance intervals.
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of some important determinants of the distribution is
considered to bewater temperature. Themaximum value
of the mean density n at 180e200 m around station 18
was 485 inds. m3 and that at 20e70 m between stations
20e21 was 307 inds. m3 (Fig. 3b).
4. Conclusion
The distribution and density of Antarctic krill and ice
krill in the waters off Ade´lie Land in the austral summer
of 2008 were estimated by echo integration using
a scientific echosounder during the Umitaka Maru
survey of the CEAMARC project. In addition, the
vertical distribution of Antarctic krill along the 140E
meridian was compared with the water temperature
structure and the relationships were discussed.
Antarctic krill were found between stations 17e19
(63.5e64.5S), 20e21 (65.1e65.5S), and 10e8
(66.0e65.5S), and were particularly concentrated in
the region of the continental slope (stations 20e21 and
10e8) at depths shallower than approximately 100 m.
However, the Antarctic krill distributions at 200 m
were also observed around station 18, which was not
on the continental slope. One of some important
determinants of the distribution is considered to be
water temperature, because Antarctic krill were mainly
distributed at temperatures below approximately
0.5 C. However, it is necessary to make further
investigations about the mechanism of Antarctic krill
distribution. Ice krill were distributed between stations
42e24, 27e11, and 13e12 (south of the 66S parallel)
in the neritic waters on the continental shelf.
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